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A novel technique to sensitively and selectively isolate multiple-quantum coherences in a femtosecond 
pump-probe setup is presented. Detecting incoherent observables and imparting lock-in amplihca- 
tion, even weak signals of highly dilute samples can be acquired. Applying this method, efficient 
isolation of one- and two-photon transitions in a rubidium-doped helium droplet beam experiment 
is demonstrated and collective resonances up to fourth order are observed in a potassium vapor for 
the first time. Our approach provides new perspectives for coherent experiments in the deep UV 
and novel multidimensional spectroscopy schemes, in particular when selective detection of particles 
in dilute gas-phase targets is possible. 


Multiphoton processes play an important role in many 
fields of science. Light conversion processes such as sec¬ 
ond harmonic generation or optical parametric amplifi¬ 
cation are routinely performed in many labs. Paramet¬ 
ric downconversion[l] is the key technique to generate 
entangled photon pairs used in quantum cryptography 
applications or to study entanglement properties in vari¬ 
ous systems [2]. High harmonic generation has pioneered 
the development of state-of-the-art coherent light sources 
in the XUV spectral range having attosecond pulse du¬ 
ration which allow the real-time observation of electron 
dynamics [3, 4]. Likewise, multiphoton absorption in a 
tight laser focus is used in nonlinear microscopy yielding 
3D images of biological tissues with high spatial reso¬ 
lution and great penetration depth[5, 6]. Furthermore, 
the energy conversion process in singlet fission incorpo¬ 
rates a multiphoton process and has recently drawn great 
interest due to its potential application in solar light 
harvesting [7, 8]. 

The unique identification and efficient detection of 
multiphoton processes is however often challenging. 
Monitoring multiphoton absorptions for transitions with 
small cross sections as a function of intensity is cum¬ 
bersome and identification by emission spectra is fre¬ 
quently compromised by multistep relaxation pathways 
or predominant dark relaxation channels. Coherent time- 
resolved spectroscopy offers a different approach to iden¬ 
tify multiphoton processes. Here, the phase evolution of 
non-stationary states induced upon optical excitation is 
monitored. This allows not only unambiguous identifica¬ 
tion of one- and multiphoton processes but also provides 
high time resolution. 

The phase of superposition states induced by multi¬ 
photon transitions - commonly termed multiple-quantum 
coherences (MQCs) - evolves at a much higher frequency 
than for one-quantum coherences (IQCs) induced by one- 
photon transitions. In multidimensional spectroscopy, 
MQC signals have allowed to characterize the influence of 
electron correlations in molecular systems [9], probing the 
anharmonicity of molecular potentials[10] or unraveling 
the role of high-lying electronic states in ultrafast pho- 


toinduced processes [11]. Furthermore, many-body inter¬ 
actions in a weakly-interacting atomic gas [12] and in 
semiconductor nanstructures [13-15] have been revealed 
by MQC signals. The herein probed collective states are 
only accessible via MQC signals, and in the semiconduc¬ 
tor nanostructures binding energies or dephasing times 
of the observed many-body quasi-particles have been de¬ 
duced for the first time. 

However, coherences spanning over multiple optical 
transitions are commonly weak effects. Moreover, in 
many cases higher order signals are masked by intense 
lower order signals. Likewise, monitoring the phase evo¬ 
lution of MQCs demands a high degree of phase stabil¬ 
ity in the optical excitation scheme. Therefore, so far, 
mainly two-quantum coherence (2QC) signals have been 
detected[16]. 

In this letter, we present a novel technique to circum¬ 
vent these issues by performing systematic downsampling 
of the MQC quantum beats and incorporating lock-in de¬ 
tection for signal enhancement. Our method is particu¬ 
lar sensitive and very robust, capable of isolating MQC 
signals of arbitrary high order in a single measurement. 
Furthermore, by applying this technique, we observe for 
the first time collective resonances up to fourth order in a 
dilute alkali vapor. Apart from fluorescence detection we 
demonstrate the sensitivity and universality in the detec¬ 
tion scheme by presenting data of mass-selected ions from 
a doped helium droplet beam at densities of ^ 10^ cm“^. 

Our MQC detection scheme is based on electronic 
wave-packet interferometry (WPI) in a collinear fem¬ 
tosecond (fs) pump-probe scheme (Fig. la). Briefly - 
considering at first a one-photon transition as indicated 
in Fig. lb - pump and probe pulses of controllable de¬ 
lay each excite a wave-packet (WP) consisting of a co¬ 
herent superposition of the initial state \g) and excited 
state |e). Scanning the pump-probe delay t results in 
alternating constructive and destructive interference of 
these WPs. This imparts a typical quantum beat in the 
recorded pump-probe transient oscillating at the optical 
transition frequency ujeg with respect to r[17]. 

Such interferometric measurements require a high de- 
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FIG. 1. Simplified diagram of the phase-modulated WPI 
scheme used for the detection of MQCs. The optical setup 
is shown in (a), diagrammatic WP excitation for a one- and 
n-photon transition in (b) and a respective Feynman diagram 
for the n-photon transition in (c). 


gree of phase control to obtain a reasonable resolution 
and signal-to-noise ratio, especially if highly dilute sam¬ 
ples are probed as done in our case. To reduce these 
demands, we apply the phase modulation technique es¬ 
tablished by the Marcus group[18, 19]. In this scheme, an 
acousto-optic modulator (AOM) is placed in each branch 
of the interferometer (Fig. la), both driven at slightly 
different frequencies in phase-locked mode. The contin¬ 
uous phase sweep between pump and probe pulses im¬ 
parts an additional modulation in the pump-probe tran¬ 
sient, oscillating at the AOM difference frequency, de¬ 
noted n 2 i- Thus the signal’s phase evolves as (j)sig{t, r) = 
fl 2 it — oJegT^O]. Simultaneously, a replica of the modu¬ 
lated pulse train is spectrally filtered in a monochroma¬ 
tor yielding (prefit, t) = fl 2 it — ujmt, where ujm denotes 
the monochromator frequency. Referencing this signal 
to the lock-in amplifier removes the n 2 i-modulation in 
(psig and results in a pump-probe transient evolving at a 
significantly downshifted frequency, yielding for the de¬ 
modulated signal (pdmiT) = (uieg — ujm)t. More details 
can be found in Refs. [18, 21, 22]. 

Likewise, for an n-photon transition (jg) —> \n), 

Fig. lb), the WPI signal is modulated by n-times the 
AOM difference frequency. This relationship has also 
been observed by Tian and Warren in a two-photon 
absorption experiment [23]. In the present work, we 
combine this idea with WPI. In the phase-modulated 
WPI scheme, an n-photon transition yields <psig (t, r) = 
nVL 2 it — oJngT as can be seen from time-dependent per¬ 
turbation theory. An intuitive explanation can also be 
given in the Feynman diagram representation as com¬ 
monly used in multidimensional spectroscopy[24]. In 
principle, the acousto-optic phase modulation is equiv¬ 
alent to shot-to-shot phase-cycling [22]. Thus, (psig can 


FIG. 2. Interferograms recorded in a single measnrement ref¬ 
erencing to the 1°* and 2“*^ harmonic of ff 2 i. The downshift¬ 
ing by (jJm and 2tJM, respectively, results in similar oscillation 
periods with respect to the pump-probe delay r. 

be derived from the Feynman diagram shown in Fig. Ic, 
where (pj{t) (j=l,2) is incremented each laser shot by 
VljT, with 1/T being the laser repetition rate[21]. 

To detect the n-quantum coherence signal, we apply 
n**' harmonic lock-in demodulation. Inside the lock-in 
amplifier, the n*’*' harmonic of the reference signal is gen¬ 
erated, yielding r) = niQ. 2 it — ojmt) and as out¬ 

put signal (pdmiT) = [tOng ~ nuj m)t■ In this way, we 
effectively measure the optical transition frequency in 
the rotating frame defined by n-times the reference fre¬ 
quency. We note that such strong downshifting of optical 
transition frequencies is not achievable in non-collinear 
phase-matching where hence much higher phase stability 
is required. Furthermore, the lock-in technique greatly 
reduces laboratory noise and even weak multiphoton pro¬ 
cesses are efficiently isolated and amplified. 

Measurements are performed in the same helium 
droplet molecular beam machine as has been used 
in previous WPI measurements where interferograms 
of photoionized desorbed rubidium atoms have been 
obtained[2I, 25]. Briefly, helium nanodroplets (HeAr, 
N « 20 000) are doped with single alkali atoms from 
a heated oven cell. In a differentially pumped detection 
unit the beam is crossed perpendicularly with fs laser 
pulses (TiiSapphire oscillator, 80 MHz repetition rate, 
200 fs pulse duration, « 5 nJ pulse energy, 40 /rm focal 
diameter). The created photoions are mass-filtered in a 
quadrupole mass spectrometer and its channeltron sig¬ 
nal is fed into lock-in amplifieres. Fluorescence detection 
has been performed in a heated alkali vapor cell by means 
of a photodiode, impedance converted by a home-build 
preamplifier. 

As a first demonstration of the method we record 
phase-modulated interferograms of the mass-selected 
photoion yield of rubidium (Fig. 2), referenced to the 
1®* and 2"*^ harmonic of pref = ^ 2 it — u>mt. The laser 
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a) Rb+_^691 cm-i b) ^ g 




FIG. 3. Level diagram of the involved Rb electronic states 
(a). Fourier transformed spectra of the measured phase- 
modulated interferograms referenced to cum (b) and 2cum 
(c),(d). Dashed vertical lines show tabulated transitions[26]. 
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FIG. 4. Level diagram for atomic potassium and wavenum¬ 
bers for the excited Di and D 2 lines in (a), and correspond¬ 
ing collective energy states for an ensemble of four potassium 
atoms described in a product basis in (b). For clearer visu¬ 
alization in (a), states lying between the 6^S and the ionic 
potential (IP) are not shown. Since the laser is only resonant 
to the Dl and D2 line transitions, only these excitations are 
considered for the collective energy levels. 


was set to 12904 cm“^, enabling the resonant excitation 
of both the 5^P3/2 and the 5 ^ 03 / 2 , 5/2 states (cf. Fig. 3a), 
and subsequent ionization with 3 photons in total. The 
Fourier transformed spectra (Fig. 3b-d) selectively yield 
the 1-photon transitions (denoted a;i, 2 , 3 , Fig. 3b) or the 
two-photon transitions (denoted 024 , 5 , 5 , Fig- 3c-|-d). In 
order to include the nonresonant excitation to the 7^Si/2 
state ( 025 ), the laser central wavenumber was shifted to 
13182cm“^. We scan the pump-probe delay up to 40ps 
to obtain well resolved fine structure components of the 
5D state. In the two measurements, the monochromator 
was set to 12898 and 13134cm“^, respectively, leading 
to downshifted oscillations < 3THz for both first and 
second harmonic detection. Note the excellent signal- 
to-noise ratio of mass-selected ions at target densities of 
« 10^cm“^. The same signals are observed with flu¬ 
orescence detection in a vapor cell; however, 2-photon 
signals are augmented by the enhanced photoionization 
of the higher-lying states. 

In a second set of measurements, we employ the es¬ 
tablished MQC detection technique to reveal collective 
resonances in a potassium vapor of 10^° cm“^ density 
using fluorescence detection. Di and D 2 lines are excited 
simultaneously with the unfocused pump-probe beam 
(1.5mm diameter) tuned to 13002cm“^. Due to the 
limited laser bandwidth (89cm“^ FWHM), multiphoton 
transitions to higher-lying states are not present and the 
potassium atom reduces to an effective three-level system 


(Fig. 4a). However, if considering an ensemble of atoms 
described in a product basis, one can assign new collec¬ 
tive energy states, yielding a ladder-type energy struc¬ 
ture as exemplary shown for an ensemble of four atoms 
in Fig. 4b. Such collective states may be assigned to any 
many-body system independent whether significant in¬ 
teractions among the constituents are present or not. In 
our experiment, we estimate the dipole-dipole interac¬ 
tion of the D line excitations being below 10“^ cm“^ and 
thus being negligible. Hence, in the presented coherent 
pump-probe experiment, the atoms are primarily coupled 
via the intense fs laser pulses. The simultaneous stimu¬ 
lation of atoms initiates a collective oscillation of the op¬ 
tically induced non-stationary superposition states. We 
note, that these collective states are not accessible by di¬ 
rect excitation in the visible to ultraviolet spectral range. 
Likewise, photons in the near infrared spectrum are emit¬ 
ted by the sample. 

We record MQC quantum beats for 1®* - 4*^ harmonic 
demodulation in a single measurement with four lock- 
in amplifiers connected in parallel. The corresponding 
Fourier spectra reveal resonances precisely at the pre¬ 
dicted collective energies (Fig. 5). With each harmonic, 
the signal decreases by about one order of magnitude. 
Due to the undersampling effect, demands on phase sta¬ 
bility are in all harmonics of the same order, resulting 
in an excellent signal-to-noise ratio, which allows acqui¬ 
sition of even higher-order collective states. The plotted 
highest quantum coherence ( 4 D 2 state) corresponds to a 
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FIG. 5. Collective resonances in potassium vapor for l***- 
4**' harmonic lock-in demodulation (labeled 1H-4H). Black 
dashed lines indicate the predicted energies of the collective 
states. Their labels correspond to the notation introduced in 
Fig.4. Peaks with gray labels correspond to leak signals from 
the F* harmonic. 

transition in the deep ultraviolet spectral range (192 nm). 
To the author’s knowledge, electronic WPI or other co¬ 
herent time-resolved spectroscopies involving transitions 
of such high energy have only been successfully con¬ 
ducted for collective states in semiconductors, where a 
much more complicated setup has been used[15]; thus 
emphasizing the potential in the simplicity of the pre¬ 
sented method. 

While peak positions fit perfectly with prediction, peak 
amplitudes are more difficult to calculate. On the one 
hand, excitation paths leading to cross peaks (e.g. D 1 D 2 
peak in subpanel 2H, Fig. 5) partially interfere destruc¬ 
tively resulting in signal reduction. On the other hand, 
our observations indicate that peak heights are compro¬ 
mised by saturation effects, which occur for D line ex¬ 
citations in alkali atoms at very low laser intensities. A 
detailed analysis of amplitudes as well as vapor density 
dependencies will be published elsewhere. 

As visible in subpanels 3H and 4H of Fig. 5, leak sig¬ 
nals from one-photon transitions may also occur. These 
signals arise from spurious 1®* harmonic signal compo¬ 
nents in the lock-in referencing. Since the appearance 
of leak signals strongly differs when employing devices 
from different manufacturers, we assign this to a techni¬ 
cal artifact. The leak signals are unambiguously identi¬ 
fied even in unknown systems by their dependence on the 
monochromator frequency. Other sources for artifacts in 


the experiment could be frequency upconversion effects 
among the spontaneous emitted photons, nonlinear pro¬ 
cesses in the photo detector and saturation of amplifiers 
in the electronic circuits. However, a nonlinear behavior 
in all mentioned cases has been excluded by systematic 
investigations. Artifacts due to the laser repetition rate 
being greater than the decay rate of excited states are 
excluded since we observe the collective resonances also 
when employing a 5 kHz repetition rate laser. 

We detected analog many-body resonances in the pho¬ 
toion yield of the Rb doped droplet measurements as well 
where densities are even orders of magnitudes smaller 
(not shown). Further, for > 3-body correlations we have 
observed a signal depletion for increasing density, indi¬ 
cating a collective behavior beyond the coupling induced 
by the external laser field; these results will be published 
in a separate paper. 

In conclusion, we introduced a new scheme to selec¬ 
tively and sensitively record multiple-quantum coher¬ 
ences in dilute alkali vapors and supersonic alkali-doped 
helium droplet beams, demonstrated by spectra up to 
the 4*^ order. So far, MQCs have been almost exclu¬ 
sively recorded only up to 2nd order in four- or higher- 
wave mixing experiments which are not feasible at dilute 
gas-phase targets. Our two-pulse approach is thus much 
simpler and principly allows detection of arbitrary high 
orders. If desired, the technique can be integrated in any 
kind of multidimensional spectroscopy scheme and will 
also work with shorter pulse lengths. In this way the pre¬ 
sented method provides new perspectives to design higher 
order multidimensional spectroscopic schemes. It allows 
simultaneous isolation of multiple processes thus provid¬ 
ing a multilayer picture of the investigated system within 
a single measurement. The incoherent probing allows 
for highly selective observables; here demonstrated for 
mass-selected ions. However, energy or angular-resolved 
electrons, or any action or depletion spectroscopic sig¬ 
nal can be used. In addition, the lock-in amplification 
provides an extremely sensitive method suitable for high 
order photon processes or single-molecule studies. 
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